Introduction
Hepatic fibrosis is caused by the destruction of the architecture of the liver parenchyma and is a common wound-healing response to hepatic diseases, including chronic hepatitis and liver damage, which forms scars or fibrous tissues through excessive fibrogenesis and insufficient fibrolysis. Hepatic stellate cells (HSCs) are crucial to the development of hepatic fibrosis (1) . During hepatic fibrosis, HSCs are activated and change into myofibroblastlike cells, which are characterized by increased proliferation and extracellular matrix (ECM) synthesis (2) . Fibrogenesis is promoted by the activation and proliferation of HSCs and delayed by the apoptosis of HSCs. Current antifibrosis strategies include inhibition of the activation and proliferation of HSCs and induction of the apoptosis of activated HSCs (3) . HSCs are considered to be an attractive target in antifibrosis strategies due to their essential role in hepatic fibrosis.
Hydrogen sulfide (H 2 S) is a gaseous messenger that displays many physiological and pathological activities (4) . The administration of H 2 S has been reported to attenuate myocardial infarct size (5) , suppress the development of hypertension (6) and alleviate neuronal injury (7) . The mechanisms underlying the action of H 2 S predominantly involve the inhibition of oxidative stress and inflammatory responses and the activation of ATP-sensitive potassium (KATP) channels (4) .
H 2 S plays a regulatory role in hepatic physiology and pathology (8) . In mammalian hepatic tissues, H 2 S is mainly produced by cystathionine c-lyase (CSE) (9) , and activates KATP channels, leading to vasorelaxation of the hepatic artery (10) . Since hepatic cirrhosis is associated with the development of a hyperdynamic circulation caused by systemic vasodilation, it has been postulated that H 2 S is involved in the pathogenesis of the vascular abnormalities in cirrhosis (11) . H 2 S displays antioxidative, anti-inflammatory and cytoprotective activities; therefore, we hypothesized that H 2 S may have a protective effect against hepatic fibrosis.
The present study aimed to investigate the effects of sodium hydrogen sulphide (NaHS), an H 2 S-releasing molecule, on the proliferation, cell cycle, apoptosis, intracellular reactive oxygen species (ROS) and free calcium levels of activated HSC cells, and on fibrosis and ECM synthesis in rats with carbon tetrachloride (CCl 4 )-induced hepatic fibrosis.
fetal bovine serum (FBS) (Sijichun Bioengineering Materials, Inc., Hangzhou, China), 100 U/ml penicillin and 100 µg/ml streptomycin, at 37˚C in a humidified incubator with 5% CO 2 .
Cell viability assay. The cell growth rate was determined by MTT (Sigma-Aldrich, St. Louis, MO, USA) assay. Briefly, cells at the logarithmic growth phase were seeded in 96-well culture plates at a density of 1x10 3 cell/ml with 100 µl per well. The cells were then cultured in DMEM and incubated with 500 µg/l ferric nitrilotriacetate (Fe-NTA) (Sigma-Aldrich) and various concentrations of NaHS (Sigma-Aldrich) (0, 100, 200 or 500 µmol/l) for 24 h. For the cell viability assay, 10 µl MTT solution (5 mg/ml) was added to each well and the plates were incubated at 37˚C for 4 h. After centrifugation at 3,000 rpm for 10 min, the supernatant was removed and the formazan pellet was dissolved completely in 100 µl DMSO. The absorbance was measured with an ELISA plate reader at a wavelength of 570 nm to determine the amount of viable cells in the pellet.
Cell cycle analysis. The cells were harvested by trypsinization, centrifuged at 2,000 rpm for 5 min, washed with PBS and resuspended in cold 70% ethanol. Finally, 1 ml propidium iodide (PI) staining solution (PI, 20 µg/ml; DNase free RNase A, 100 µg/ml) was added to the samples which were analyzed using a FACScan (BD Biosciences, San Francisco, CA, USA) within 30 min. Data on 10,000 cells were acquired and processed using Lysis II software (BD Biosciences).
Cell apoptosis assay. Cells at the logarithmic growth phase were randomly divided into 4 groups: the normal control, NaHS (500 µmol/l), Fe-NTA (500 µg/l) and Fe-NTA + NaHS groups. After 24 h, 2x10 5 cells were collected from each group and washed with phosphate-buffered saline (PBS). The pellet was resuspended in 100 µl 1X binding buffer and combined with 2.5 µl Annexin V and 5 µl PI (final concentration, 10 µg/ml), followed by incubation for 15 min in the dark. Apoptosis was determined by flow cytometry. At least 10,000 events were analyzed for each sample. The data were analyzed using Lysis software.
Measurement of ROS generation. Intracellular ROS was quantified with a fluorescence plate reader using 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-Aldrich). The cells on 96-well plates were treated with NaHS (500 µmol/l) and/or Fe-NTA (500 µg/l) for 1, 3 or 6 h and incubated with DCFH-DA at 37˚C for 30 min. Following the removal of the DCFH-DA, the cells were washed with PBS. The DCFH-DA-loaded cells were read using a fluorescence plate reader (Tecan, Crailsheim, Germany).
Measurement of intracellular f ree calcium [Ca

2+
] i . Fura 2-acetoxymethyl ester (Fura 2-AM) (Dojindo Laboratories, Kumamoto, Japan), a fluorescent Ca 2+ -sensitive dye, was used to monitor [Ca 2+ ] i . The cells were cultured and treated with NaHS (500 µmol/l) and/or Fe-NTA (500 µg/l) for 3 or 6 h and preloaded with 1 µmol/l Fura 2-AM for 30 min in the dark at 37˚C in a humidified incubator. After loading with Fura 2-AM, the cells were collected, washed 3 times with D-Hanks' solution and resuspended in D-Hanks' solution containing 0.2% BSA at 1x10 6 cells/ml. Fluorescence intensity was measured at an emission wavelength of 510 nm and excitation wavelengths of 340 and 380 nm using a Safire fluorescence plate reader (Tecan). [Ca 2+ ] i was estimated from the ratio of the fluorescence intensities at 340 and 380 nm (F340/F380).
Western blot analysis. HSC-T6 cells were cultured and treated with NaHS (500 µmol/l) and/or Fe-NTA (500 µg/l) for 24 h. The proteins were isolated and their concentrations were determined. The proteins (50 µg) were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels (polyacrylamide concentration 100 g/l) and electrophoretically transferred onto a PVDF membrane. The PVDF membrane was blocked with 3% BSA at 37˚C for 1 h and probed with the rabbit polyclonal antibody against collagen Ⅰ (1:1,000) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), followed by horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1,000) for 2 h at room temperature. The densities of the targeted bands were visualized using the chemiluminescence method. β-actin was used as the internal control.
Animal model of hepatic fibrosis. All studies were approved by the Animal Study Committee of the Qinghai University School of Medicine. Male Wistar rats (weighing 220-240 g) were supplied by the Animal Research Center at the Affiliated Hospital of Qinghai University. They were maintained on standard laboratory rat chow on a 12-h light/dark cycle at a temperature of 22-23˚C. Liver fibrosis was induced by carbon tetrachloride (CCl 4 ) injection. Briefly, phenobarbital sodium (0.35 g/l) was administered to the rats with their drinking water for 3 days. This was followed by an intraperitoneal injection of 100 µl CCl 4 /100 g body weight in an equal volume of paraffin oil twice a week for 6 weeks. Rats receiving an intraperitoneal injection of 100 µl of saline/100 g body weight in an equal volume of paraffin oil were used as the control group.
Animal grouping and experiment. A total of 24 rats with liver fibrosis receiving CCl 4 injections for 6 weeks were randomly assigned into 2 groups (each of 12 rats), and an intraperitoneal injection of 1 ml saline or NaHS solution (10 mmol/kg body weight) was administered every 2 days for 6 weeks. The 12 rats in the control group received an intraperitoneal injection of 1 ml saline for every 2 days for 6 weeks. At the completion of the experiments, the rats were sacrificed for pathological examination. Blood was collected via cardiac puncture and then the liver tissue was collected. Serum and liver samples were prepared and stored at 4˚C.
Histological analysis. Formalin-fixed liver specimens were embedded in paraffin, sectioned, stained with hematoxylin and eosin (H&E) and examined under a light microscope. Cell numbers were quantified by measuring the numbers of blue pixels in the images captured from the H&E-stained sections. Ten images (magnification, x400) were randomly captured from each liver using a fixed exposure time and conditions. The images were saved as Joint Photographic Experts Group (JPEG) files and the numbers of blue pixels were counted using the histogram function in Adobe Photoshop CS4.
Immunohistochemistry analysis. Liver sections (5 mm in thickness) were incubated at 4˚C overnight with a primary antibody against collagen Ⅰ (Santa Cruz Biotechnology, Inc.) at a concentration of 1:100. The secondary antibody was horseradish peroxidase-conjugated IgG (Medical Biological Laboratory, Nagoya, Japan) and was used for 30 min at 37˚C. After washing with Tris-buffered saline, the sections were incubated with complex/horseradish peroxidase (1:200 dilution) for 30 min at 37˚C. Immunolocalization was performed by immersion in 0.05% 3,3'-diaminobenzidine tetrahydrochloride as the chromagen. The slides were counterstained with hematoxylin prior to dehydration and mounting. Slides which did not undergo primary antibody incubation were processed as a control for the background staining. The brown positive cells throughout the entire section were counted and the total counts in these sections were converted into cell densities for quantification.
Statistical analysis. Statistical analysis was performed using commercially available software (SPSS version 14.0). Data are expressed as the means ± standard deviation. The Student's t-test (unpaired, two-tailed) was performed to compare the means of 2 groups. P<0.05 was considered as a statistically significant result.
Results
H 2 S inhibits HSC proliferation.
The HSC-T6 cells were stimulated by incubation with Fe-NTA (500 µmol/l). These cells were simultaneously treated with various concentrations of NaHS (0, 100, 200 or 500 µmol/l) for 24 h. The MTT assay revealed that NaHS inhibited HSC proliferation in a dose-dependent manner. Cell viability was significantly reduced by the 200 and 500 µmol/l concentrations of NaHS (P<0.05; Fig. 1A ).
H 2 S induces G1 phase cell cycle arrest in HSCs.
To clarify the possible mechanism behind the antiproliferative activity of NaHS, the cell cycle distribution in the Fe-NTA-activated cells was determined following treatment with 0, 100, 200 or 500 µmol/l NaHS for 24 h. NaHS induced a significant increase in the number of cells in the G1 phase, with a corresponding decrease in the number of cells in the S phase. However, no significant differences were found in the percentages of the cells in the G2 phase following NaHS treatment (Fig. 1B) . These results indicate that NaHS inhibits HSC proliferation by inducing G1 phase arrest.
H 2 S increases Fe-NTA-induced apoptosis in HSCs.
To investigate whether apoptosis is involved in the reduction in the number of viable cells when HSCs are treated with NaHS, the cells were cultivated in the presence of Fe-NTA and/or NaHS for 24 h. Cell apoptosis was analyzed by Annexin V-FITC and PI double staining. NaHS treatment (500 µmol/l) alone did not increase the apoptotic rate. Fe-NTA increased the apoptotic rate of the HSCs moderately. However, treatment with Fe-NTA and NaHS resulted in a significantly higher apoptotic rate than treatment with Fe-NTA alone (P<0.05; Fig. 1C and D) . 
NaHS decreases ROS generation in HSC-T6 cells.
To determine whether NaHS is able to influence ROS generation in the Fe-NTA-induced HSC-T6 cells, the fluorescent probe, DCFH-DA, was used to measure the levels of ROS. The intracellular ROS level was significantly higher in the HSC-T6 cells treated with Fe-NTA for 1, 3 (peak) and 6 h than in the control cells ( Fig. 2A) . NaHS alone did not influence ROS levels; however, it significantly reduced ROS levels in the Fe-NTA-treated cells at all time points (P<0.05).
NaHS increases cytoplasmic Ca 2+ levels in HSC-T6 cells. To determine whether NaHS influences the levels of [Ca
2+
] i , Fura 2-AM staining was performed. The Fe-NTA treatment increased the fluore scence ratios (F340/F380) of the HSC-T6 cells to 159.7±24.5% (3 h) and 187.7±28.7% (6 h) of those of the control cells (Fig. 2B) . Moreover, NaHS decreased cytoplasmic Ca 2+ in the Fe-NTA-induced cells. NaHS alone did not change cytoplasmic Ca 2+ .
NaHS decreases collagen Ⅰ protein expression in HSC-T6 cells treated with Fe-NTA.
To further explore the effects of NaHS on collagen degradation in HSCs, the collagen Ⅰ protein levels were determined by western blot analysis. Compared with the control group, the Fe-NTA treatment significantly increased the levels of collagen Ⅰ protein in the HSC-T6 cells. In the cells treated with Fe-NTA and NaHS together, the collagen Ⅰ protein levels were significantly lower than in the cells treated with Fe-NTA alone (P<0.05; Fig. 2C and D) . 4 -induced liver fibrosis. The blue pixels in the images of the liver sections from the rats with CCl 4 -induced fibrosis that were injected with saline were significantly stronger than those from the healthy controls ( Fig. 3A and B) . However, the images of the liver sections from the rats with CCl 4 -induced fibrosis that were injected with NaHS had fewer blue pixels (Fig. 3C) than those from the saline-injected fibrotic rats. The numbers of blue pixels in the images of the liver sections were measured to quantify cell numbers. CCl 4 significantly increased the number of blue pixels in the images of the liver sections, but NaHS significantly reduced the number of blue pixels compared with saline (Fig. 3D) . We further measured collagen Ⅰ, a marker of fibrosis, by immunohistochemical analysis. The staining intensity was significantly stronger in the CCl 4 + saline group than in the control group (Fig. 4A and B) . However, NaHS treatment lowered the staining intensity in the CCl 4 -treated rats (Fig. 4C) . Quantification analysis demonstrated that the quantities of collagen Ⅰ + cells were significant increased in the CCl 4 -treated rats compared with the healthy controls. NaHS treatment decreased the quantities of collagen Ⅰ + cells in the CCl 4 -treated rats (Fig. 4D) .
H 2 S attenuates CCl
Discussion
In the present study, we found that NaHS, a bioactive compound that releases H 2 S, suppressed the proliferation and cell cycle progression and induced the apoptosis of HSCs. The underlying mechanisms may be related to decreases in the levels of intracellular ROS, free calcium and collagen Ⅰ protein expression. The effects of NaHS were also preliminarily confirmed by its ability to attenuate liver fibrosis and reduce collagen Ⅰ protein expression levels in CCl 4 -induced rats. HSC activation plays a central role in hepatic fibrosis and is accelerated by a self-amplification effect. Therefore, the inhibition of HSC activation is the focus of hepatic fibrosis treatments. HSC-T6 is an immortalized rat liver stellate cell line showing an activated phenotype of HSCs and a fibroblastlike morphology, and is often used in the investigation of hepatic fibrosis (12) . In our study, we found that exogenous H 2 S suppressed the proliferation of HSC cells in a dose-dependent manner, which may be caused by G1 phase cell cycle arrest and enhanced apoptosis in the NaHS-treated HSCs.
Intracellular ROS and oxidative stress contribute significantly to the activation of HSC and hepatic fibrosis (13) . The overproduction of ROS results in oxidative stress, which is a link between chronic liver injury and hepatic fibrosis (14) . Iron deposition is another characteristic of hepatic fibrosis which may either directly activate HSC or lead to lipid peroxidation (15) . In the current study, we applied Fe-NTA to HSC cells to simulate oxidative stress conditions. The Fe-NTA treatment increased intracellular ROS levels and this increase was attenuated by NaHS, indicating that an antioxidation effect may participate in the inhibition of activated HSC cells. H 2 S has previously demonstrated a protective effect through the inhibition of oxidative stress in the rat gastric mucosal epithelium (16) . The increased contractility of HSCs promotes fibrosis by regulating sinusoidal blood flow and ECM remodeling (17) , which is mediated by Ca 2+ -dependent signaling pathways (18) . The inhibition of Ca 2+ signaling in HSCs contributes to the attenuation of hepatic fibrosis (19) . Our results revealed that Fe-NTA increased intracellular Ca 2+ levels in the HSC-T6 cells and that these levels were decreased by NaHS. Since Fe-NTA induces oxidative stress in HSC-T6 cells, this indicates that there is a positive correlation between intracellular ROS and Ca 2+ levels in HSCs. This hypothesis is supported by a previous study in which a retinoic acid derivative downregulated ROS generation and calcium influx simultaneously in HSC-T6 cells and also reversed early liver fibrosis (20) .
The increased synthesis and decreased degradation of the ECM is important in the pathophysiology of liver fibrogenesis, leading to overproduction and deposition of ECM in the liver. The ECM is mainly composed of type Ⅰ and type Ⅲ collagen, which are produced primarily by HSCs (21) . In our study, NaHS decreased the intracellular Ca 2+ levels in the HSC-T6 cells which indicates it may also affect ECM remodeling. We further found that NaHS significantly decreased type Ⅰ collagen protein in Fe-NTA-induced HSC-T6 cells. Activated and proliferative HSC is the main cause for the ECM protein deposition that forms scar tissue during liver fibrogenesis. Our results demonstrated that NaHS not only inhibits the proliferation and activation of HSC, but also attenuates ECM remodeling.
To further confirm the antifibrotic effect of NaHS in vivo, we established a hepatic fibrosis model by the intraperitoneal injection of CCl 4 to rats. CCl 4 has been widely used as a chemical agent to induce hepatic fibrosis, and it is metabolized into trichloromethyl radicals which lead to increased lipid peroxidation, depletion of GSH and necrosis of hepatocytes (22) . The present study demonstrated that the administration of NaHS attenuated CCl 4 -induced hepatic fibrosis, as evidenced by the reduction in the number of HSCs and decreased expression of collagen Ⅰ protein in liver tissues. This is in accordance with previous reports on the cytoprotective effects of NaHS against hepatotoxicity, liver cirrhosis and portal hypertension in rats (23) . This suggests that NaHS is able to inhibit HSC proliferation and ECM synthesis in vivo and thus shows therapeutic promise for hepatic fibrogenesis. It has been reported that in rats with CCl 4 -induced hepatic fibrosis, CCl 4 downregulated the expression of CSE, the major enzyme for H 2 S production in the liver, and that NaHS did not change either hepatic CSE expression or H 2 S-producing activity (23) . In our study, it appears that the injected NaHS released H 2 S in the body and directly mediated its antifibrotic effect through the HSCs. It remains to be further investigated whether the in vivo function of NaHS is mediated by inhibition of proliferation, cell cycle arrest, induction of apoptosis and decreased intracellular ROS and Ca 2+ levels in the HSCs of rats with hepatic fibrosis. In conclusion, the present study demonstrates that NaHS suppresses the proliferation of HSC-T6 cells in a dose-dependent manner and induces G1 cell cycle arrest and apoptosis in Fe-NTA-induced HSC cells. It also attenuates CCl 4 -induced hepatic fibrosis and ECM expression. These findings suggest that exogenous H 2 S has promise in the development of new therapeutic strategies for hepatic fibrosis.
